
APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 6 10 FEBRUARY 2003
Characterization of the nanostructures of a lithographically patterned dot
array by x-ray pseudo-Kossel lines
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Grazing x-ray scattering from a nanofabricated periodic dot array exhibits an interesting diffraction
pattern, resembling x-ray Kossel lines, due to the anisotropic x-ray resolution function. We
demonstrate that the unique diffraction pattern can be used for precise characterization of the deep
nanostructures, which cannot be obtained accurately by microscopy techniques. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1543249#
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Periodic arrays of nanostructured dots have attrac
much attention during the last decade because of their po
tial as future high-density optical and magnetic storage m
dia. The unique properties of these nanosystems dep
strongly on their structural parameters, such as size, sh
and array spacing,1–3 which have become controllable owin
to recent advances in nanofabrication technology. Vari
scanning probe microscopies, such as scanning electron
croscopy~SEM! and atomic force microscopy~AFM! have
been employed for the topographical metrology of the
arrays. However, as the aspect ratio of height to width for
nanoarrays increases, accurate characterization of the ‘‘d
nanostructures becomes increasingly challenging due
technical problems, such as the tip-sample convolution
AFM.4 X-ray scattering, without such intrinsic limitations
can be effectively used to characterize the structural de
of deep nanostructures. In addition, it offers the additio
advantage of measuring the buried interfaces, if need
However, quantitative analysis of a typical x-ray diffractio
pattern from a nanofabricated two-dimensional~2D! dot ar-
ray (0.1;1 mm period! requires careful consideration of th
resolution function of the probe,5 because its reciprocal spac
density is many orders of magnitude higher than those
typical solid-state or biological crystals. Consequently,
measured diffraction pattern exhibits characteristic featu5

due to the highly anisotropic nature of the instrumental re
lution function, which can be understood as analogs of K
ssel lines6 ~or pseudo-Kossel lines!. In this letter, we explain
the origin of such pseudo-Kossel lines and then demons
how these features can be used for precise structural ch
terization of 2D nanodot arrays.

For this study, a square array of circular disk-shaped d
with a period of 750 nm and a diameter of 340 nm w
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fabricated using a standard lithography and lift-off proces7

The required pattern was written in a single poly~methyl-
methacrylate! layer with e-beam lithography, and a Gd film
of nominal thickness of 50 nm was deposited using e-be
evaporation. An area of 0.530.5 mm2 was patterned on a
10310 mm2 Si/SiO2 wafer. X-ray diffraction measurement
were performed using a 9-keV (l51.3776 Å) monochro-
matic x-rays at the SRI-CAT beamlines 1-BM, 2-BM, an
4-ID-D, at the Advanced Photon Source. The incident be
with its angular divergence of 1 mrad~horizontal! and 0.05
mrad~vertical! was used. The diffracted beam was collect
by a scintillation detector with 1-mrad~horizontal! and 0.1-
mrad ~vertical! acceptance. We define a coordinate syst
such that thex–z-plane coincides with the vertical scatterin
plane, and thez-axis is perpendicular to the sample surfac
As depicted in the insets of Fig. 1, the azimuth anglef
measures the rotation of the reciprocal axesqx andqy with
respect tox- andy-axes about thez-axis. Since the measure
ments presented here were made at a fixedqz value of
0.18 Å21, a point in the reciprocal space is indexed usi
only two indices (H,K), using the relationshipqx

5(2p/a)H andqy5(2p/a)K, wherea is the period of the
nanoarray. Consequently, a radial (qr5Aqx

21qy
2) scan

through a reciprocal point (H,K) was carried out by per-
forming a theta rocking scan atf5tan21(K/H). Since the
patterned area is much smaller than the total area of
substrate, the diffuse scattering from the substrate sur
was subtracted using the dynamical expression in Ref. 8@see
the dashed lines in Figs. 1~a! and 1~b!#, and the diffraction
intensities from the dot array were then obtained, as sho
in Fig. 2.

The mathematical diffraction pattern constructed from
2D square dot array consists of one-dimensional~1D! rods
along theqz direction, going through (H,K) integer points.
Thus, a 2D diffraction pattern at a fixedqz value corresponds
to a set of discrete intensities at (H,K) integer points. Ex-
perimentally, however, a typicalqr scan along (HK) direc-

rn
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 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



it
,
ks
e
a
ob
ch
th
am
n
n

en
d

d

er-
ling

w

ds
n

ig.

ig.

o-
le,
of

is-
of

be
cip-

ce.
s,

lc

d
t

ra
lat

.

s
ws a

983Appl. Phys. Lett., Vol. 82, No. 6, 10 February 2003 Lee et al.
tion yields a number of peaks at noninteger positions, w
the exception of that along the~1 0! direction. For example
a qr scan along the~3 1! direction produces noninteger pea
at (3n/10,n/10), as shown in Fig. 2. In fact, these noninteg
peaks are not points but are the cross sections of stre
which will be discussed subsequently. We attribute the
served diffraction pattern to the resolution function, whi
describes the broadening of the reciprocal resolution of
probe primarily due to the divergence of the incident be
and the finite acceptance of the detector. The resolution fu
tion projected onto theqx–qy plane can be described as a
ellipse with its minor and major axes parallel and perp
dicular to theqr-direction. The lengths of the minor an
major axes are,k0Dc and k0uDu, respectively, whereDc
and Du are effective horizontal and vertical angular broa

FIG. 1. Radial scans measured along~a! ~1 0! @f50°# and ~b! ~3 1! @f
518.5°# directions from a Gd dot array. Dashed lines represent the ca
lated diffuse scattering intensities from the substrate surface. Insets~A! and
~B! show schematics of the scattering geometry and its corresponding
fraction configuration in the reciprocal plane. The gray stripe represents
resolution volumes when scanning alongqr .

FIG. 2. Diffraction intensities of the radial scan along the~3 1! direction
(f518.5°) after subtracting diffuse scattering intensities from the subst
surface. Circles represent measurements, and lines represent the calcu
with different models:~a! circular disks~dash-dot line!, ~b! ring cylinders
~dashed line!, and~c! crowns~solid!. For clarity, the dash-dot line is shifted
Inset ~d! shows a SEM picture from the sample.
Downloaded 24 Jun 2003 to 164.54.56.3. Redistribution subject to AIP
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enings, respectively.9 The grazing incident geometry (u
!1) and our experimental setup with smaller vertical div
gence and detector acceptance make the elliptical samp
area virtually a stripe with the length-to-width ratio of a fe
hundreds, as illustrated in Fig. 1~inset B!. Consequently, the
measurement performed at an arbitrary point,G05(H,K),
picks up the intensities from the neighboring diffraction ro
G5(h,k) within the sampling area. A simple condition, i
which G0 , G, and (G2G0) forms a right triangle, can be
expressed as

hH1kK5H21K2. ~1!

A simple rearrangement of Eq.~1! gives the following
set of equations for circle with a radiusr hk , which collec-
tively produces the observed 2D diffraction pattern in F
3~a!,

S H2
h

2D 2

1S K2
k

2D 2

5S h

2D 2

1S k

2D 2

5r hk
2 . ~2!

For example, the solid circle overlaying on the data in F
3~a! corresponds to (h,k)5(2,2). The observed diffraction
pattern with a set of circles is an analog of well-known K
ssel lines from the radiation excited in the crystal samp
which is widely used in the most precise determinations
lattice constants.6 Thus, we refer to these aspseudo-Kossel
lines. Interestingly, the origin of the diffraction patterns d
cussed here bears a striking resemblance to the origin
diffraction patterns from quasicrystals, which can also
regarded as the projection from a higher-dimensional re
rocal lattice onto a lower-dimensional space.10 Our case cor-
responds to the projection of a 2D lattice into a 1D subspa
Similarly to the real Kossel lines for the crystalline sample

u-

if-
he

te
ions

FIG. 3. Contour map of intensity distribution in theqx–qy reciprocal plane:
~a! measurements;~b!, ~c!, and ~d! calculations with horizontal resolution
widths of 2.7531023 Å 21, 2.7531024 Å 21, and 2.7531025 Å 21, re-
spectively. For reference, 2p/a corresponds to 8.3731024 Å 21. The circle
in ~a! shows a pseudo-Kossel circle satisfying Eq.~2!, and the line repre-
sents the trajectory of a radial scan along the~3 1! direction in Fig. 1~b!.
Weak intensities at~2,0! and~2,1! in ~d! result from destructive interference
due to the ratio between the array period and dot radius. The inset sho
cross-sectional drawing of the model used for the best fit.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the pseudo-Kossel lines can be used for precise characte
tion of the nanostructures of the dot array as described
sequently.

The diffracted intensityI at (H,K) can be expressed i
the Born approximation as

I ~H,K !5uF~qz!u2(
h,k

uF~h,k!u2R~H,K;h,k!, ~3!

where the weight function, R(H,K;h,k)5exp$2@1/
2(k0Dc)2#@(h2H)21(k2K)2#(4p2/a2)%, accounts for the
lengthwise Gaussian profile of the resolution stripe.F(qz) is
the 1D form factor alongqz direction, andF(h,k) is the 2D
form factor on theqx–qy plane. For a disk-shaped dot with
radius R,F(h,k) is given simply by 2pR2(J1(qrR)/qrR),
where J1 is the first-order Bessel function andqr

5(2p/a)Ah21k2.11 However, as shown in Fig. 2, thi
simple model~the dash-dot line! cannot explain the experi
mental data~circles! measured along the~3 1! direction, and,
therefore, a more realistic model should be taken into
count.

As seen from the SEM image in Fig. 2~d!, dots are not a
simple disk, but rather have the thin ‘‘crown’’ on the top du
to the photoresist removal process,12 as illustrated in Fig.
2~c!. This finding was also confirmed by our AFM measur
ments, although the exact profile of the crown could not
measured. The form factorF(h,k) of crown dots can be then
written as

F~h,k!52ph2E
0

R3
rJ0~qrr !dr12pE

R3

R2
@ar 1~h2

2aR3!#rJ0~qrr !dr12ph1E
R2

R1
rJ0~qrr !dr

5
2ph1R1

qr
J1~qrR1!1

2pa

qr
2 FR2J0~qrR2!

2R3J0~qrR3!2E
R3

R2
J0~qrr !drG , ~4!

wherea5(h12h2)/(R22R3), J0 is the zeroth order Besse
function, andR1,2,3 and h1,2 are radii and heights of crown
dots, respectively, as depicted in the inset of Fig. 3. In t
approximation, the height profile of the crown is modeled
an effective density profile of a disk. This treatment can
justified because the 2D form factor is sensitive only to
projected electronic density on thex–y plane. The solid line
in Fig. 2 represents the diffracted intensities calculated
this crown model using Eqs.~3! and ~4!, and shows good
agreement with measurements. On the other hand,
dashed line calculated from a model of simple rings, as
picted in Fig. 2~b!, overestimated the intensities at highqr

values. From the best fit, for which only six parameters w
adjusted,R1 , (R12R2), and (R32R2) were estimated to be
170615, 2264, and 1865 nm, respectively, and the rati
h1 /h2 was 460.8. The horizontal and vertical resolutio
widths for the best fit were used as 2.75(60.50)
31023 Å 21 and 1.76(60.04)31025 Å 21, respectively, in
good agreement with the experimental condition, mentio
earlier. Therefore, the broadening due to the long-range
order of the dots, as mentioned in Ref. 5, can be neglecte
our study.
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Using the fitted parameters describing the average na
structures of the dot array, we simulated the 2D diffracti
pattern on theqx–qy plane, which excellently reproduces th
measured 2D diffraction pattern@see Figs. 3~a! and 3~b!#. To
check the sensitivity of the pseudo-Kossel lines, we co
pared the best fit with the simulations calculated using
effective horizontal resolutions of 2.7531024 Å 21 @Fig.
3~c!# and 2.7531025 Å 21 @Fig. 3~d!#, but with the same
vertical resolution. It should be mentioned that these ho
zontal~out-of-scattering-plane! resolutions correspond to an
gular broadenings of 60 and 6mrad, respectively, which can
be hardly obtained in the typical scattering experiments.
our model, the effect due to the limited transverse cohere
length of the incident x-rays, in comparison with the peri
of the dot array, is not explicitly treated, but rather absorb
in the description of the effective broadening of the reso
tion function. Such distinction is difficult to make withou
employing a detector with a high spatial resolution.13

In summary, we have demonstrated that the diffract
pattern from the nanofabricated dot array originates from
highly anisotropic instrumental resolution function in th
grazing diffraction geometry. In addition, these pseud
Kossel lines can provide precise structural characteriza
on the periodic nanofabricated patterns, which are difficul
ascertain using microscopy techniques.
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